Polymerasebasic1 2 (PB1PB2) Polymerase acid (PA) H9N2 G1-LIKE Free-energy change H3N2 and H1N1
Introduction
The low pathogenic avian influenza LPAI-H9N2 subtype is classified into two major genetic lineages in both poultry and wild birds into North American and the Eurasian LPAI-LPAI-H9N2 lineages [26] . The Eurasian lineages consist of at least three sublineages represented by their prototype strains: A/Quail/Hong Kong/ G1/1997(H9N2) (G1-like), A/Duck/Hong Kong/Y280/7 (Y280-like), A/Chicken/Beijing/1/94 (BJ94-like), and A/Chicken/Korea/38349P 96323/96 (Korean-like). The LPAI-LPAI-H9N2 viruses have four distinct groups (A, B, C and D) co-circulating in the Middle East and Central-Asian countries [68] . Groups A and B are circulating extensively in the Middle East countries [44] . According to polymerases genes, all Egyptian isolates clustered in group A with isolates from Israel, Saudi Arabia, and Jordan [33] .
LPAI-H9N2/G1 belong to Orthomyxoviridae family, influenza A virus, which possesses eight negative-sense single-stranded RNA segments [1] . 11-14 major proteins are encoded. three polymerase proteins polymerase basic protein 2 (PB2), polymerase basic protein 1 (PB1), polymerase acidic protein (PA), nucleoprotein (NP), NA and HA, matrix proteins (M1 and M2) and non-structural proteins (NS1 and NS2) [65] . The LPAI-H9N2 viruses share (PB2, PB1, PA, NP, M, and NS) genes with the lethal H5N1 viruses causing human disease in 1997. This stain crossed the species barrier to transmitted to humans in Hong Kong and Guangzhou, China [25] .
The RNA-dependent RNA polymerase (RdRP) of influenza virus is composed of three viral proteins (PB2, PB1, and PA) and involved in both transcription and replication of the RNA genome [28] , with about $250 KD molecular weight [16, 29] . Associated with the nucleoprotein (NP) encapsidated viral gene segments forming what is called polymerase complex [35] .
The PB1 subunit plays a key role in both the assembly of three Polymerase subunits and the catalytic function of RNA polymerization [28] . while PA and PB2 would be involved in RNA replication and transcription [5] . The position 627 in PB2 gene is critical for pathogenicity and LPAI-LPAI-H9N2 viral replication in mice [37] . It was reported that PA mutations in the Amino acids T157A and T162A weaken the proteolysis Function of PA [48] but some PA mutation enhances the polymerase replication activity at higher temperatures to that influence the virus adaptations [7] .
The alternative open reading frame (ORF) of segment 2 resulting from the encoding of the auxiliary proteins: PB1-F2 and PB1-N40 [14] . Which associating increase virus pathogenicity by causing cells apoptosis [23] . The N66S and L82S mutations in the PB1-F2 protein are important for increasing viral pathogenicity and mammalian adaptation respectively [15] . Furthermore, the segment 3 encodes several additional isoforms of PA proteins such as PA-X, PA-N55, and PA-N182 [54] . 252 amino acids are the fulllength of a PA-X protein [4] . Viruses encoding full-length PA-X were more virulent and cause more severe inflammatory responses in mice. [22] . PA-N55 and PA-N182 proteins are highly conserved among IAV strains [2] . It is suggesting that these minor viral proteins are involved in host restriction as well as pathogenicity [42] .
This study was carried out to determine the in-depth genetic analysis of polymerase genes and study the molecular markers related to virus replication and pathogenicity of recent viruses isolated from Egypt. We investigate the extent to which the effects of individual mutations on protein stability change as other residues diverge.
Materials and methods

Virus isolation and propagation
As a part of routine avian influenza surveillance program conducted in Egypt; Cloacal and oropharyngeal swab samples were collected from chickens and quails and were characterized at the National Laboratory for Veterinary Quality Control on Poultry Production (NLQP, Egypt). Extraction of Viral RNA using a QIAamp viral RNA Mini Kit (QIAGEN, Hilden, Germany) according to the manufacturer's protocol. RNA extracts were tested for influenza type A by real-time RT-PCR to amplify 244 bp of the M segment [60] , then Sub-typing of the (H5, H9, H7) was done using specific sets of primers and probes to determine the HA and NA subtypes (Supplementary Table 2 ) [56, 58] with One-Step RRT-PCR Kit (QIA-GEN, Hilden, Germany). The real-time PCR reactions have run on Stratagene MX3005P real-time PCR machine (Stratagene, Amsterdam, and the Netherlands).
The extracted RNAs were tested further for IBV and NDV by real-time RT-PCR to ensure freedom of isolates from other pathogens affecting respiratory system [39, 66] . The positive influenza A samples with RT-PCR were initially isolated in 10-day-old specific pathogen free embryonated chicken eggs according to standard protocols [55] . The allantoic fluid was harvested, tested for Hemagglutination, and then stored at À80C until use.
According to HA phylogenetic grouping, eight viruses were selected representing LPAI-H9N2 virus groups circulating in Egypt. Isolates were collected from January 2014 to July 2016 from backyard poultry holdings and commercial farms representing Upper and Lower Egypt and including chicken and quails. The epidemiological data of the selected samples is shown in (Supplementary Table 1 ).
Sequencing and Phylogenetic analysis of the Pb1, PB2 and PA genes
The first-strand cDNA was synthesized using Superscript III Reverse Transcriptase (Invitrogen, Carlsbad, CA) and Uni-12 primer as per the manufacturer's protocol. The full length of each gene was amplified using gene-specific forward and reverse primer (Table S2) . Using a platinum Ò Taq DNA polymerase high fidelity (Invitrogen, Carlsbad, CA). The electrophoresis of PCR products was done on ethidium bromide stained Agarose gel and the amplified products of expected correct size visualized by gel documentation system BDA digital -Image capture (Biometra, Germany). Amplicons of the appropriate sizes were subsequently gel purified using a QIAquick Gel Extraction Kit (QIAGEN, Hilden, Germany). The purified PCR products were used directly for sequencing reactions using a Big Dye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA) according to manufacturer's, the reaction product was purified by exclusion chromatography in CentriSep columns (Princeton Separations, Adelphia, NJ). The recovered materials sequenced using a 3500xl DNA Analyzer (Applied Biosystems). Sequences were assembled using seqscape and BioEdit 7.0 were used for multiple sequence alignment [6, 27] . Phylogenetic analysis was conducted by using the neighbor-joining algorithm with the Kimura 2-parameter model MEGA 6 [63] . Strain A/Turkey/Wisconsin/1/1966 was used as the root of the tree and the reliability of Phylogenetic inference at each branch node was estimated by the bootstrap method with 1000 replications. The trees included the most Egyptian LPAI-LPAI-H9N2 virus sequences available in the GenBank database, closely related LPAI-H9N2 viruses from other Middle Eastern countries, representative viruses from the groups A-D [41] . Using the SeqMan DNA Lasergene 6 software (DNASTAR, Madison, WI, USA) [17] to determine the identity Percent matrices comparing the genes under study to each other.
Measurement of the effect of mutation on protein stability
We selected eighteen substitutions which affect the ability of virus replication and/or the pathogenicity. In order to determine the effect of these selected mutations on the protein stability, we compared results with the human influenza A strains from 2015 and included in the 2017/2018 flu vaccine of the WHO [45] . These mutations are (PB1-13, 317), (PB1-F2-66, 82), (PB2-318, 391, 504, 647, 661), and (PA-57, 127, 225, 328, 400, 404, 409, 550, 672). Using the iStable Ò web site: (http://predictor.nchu.edu.tw/ iStable/) [11] , integrates the results from several stability prediction programs, and with the support vector machine (SVM)-like Mutant2.0 [9] . The Predictions are performed starting from the protein sequence, stability calculations were done with the polymerase subunits structure at 37°C and pH = 7.0. I-Mutant 2.0 can be used both as a classifier for predicting the sign of the protein stability change upon mutation and as a regression estimator for predicting the related free energy change value (DDG). When predicting DDG values associated with mutations, the correlation of predicted with expected/experimental values is 0.71 (with a standard error of 1.30 kcal/mol) and 0.62 (with a standard error of 1.45 kcal/mol). [11] .
Modeling of the protein structure
For understanding the significance of a single amino acid substitution on protein function based on 3D structure, we simulate the protein from the SWISS-PDB viewer, (https://swissmodel.expasy. org). The mutation analysis was performed using the PyMOL ver-sion 1.5.0.4 (http://www.pymol.org) [53] to identify the protein using the PDB file format obtained by Swiss model. Selected mutations were mapped in the structure of the polymerase subunits from one selected isolate representing the isolates under study (A/chicken/Egypt/1455V/2014 LPAI-H9N2 virus). The figures were prepared with the ''Mutagenesis" wizard and the ray trace renderer of PyMol.
Results
Virus isolation and confirmation
Egyptian LPAI-LPAI-H9N2 viruses were isolated from sick and healthy broiler chickens and quail in Egypt. The samples were collected from January 2014 to July 2016; the samples were representing five Governorates of Upper and Lower Egypt. According to the type of breeding the selected viruses represent backyard poultry holdings, live bird markets and commercial farms, including chicken and quails. The details of epidemiological information, GenBank accession numbers, collection area, date of collection and type of breeding of these viruses are provided in (Supplementary Table 1 ). The Real-time RT-PCR results for eight isolates (CT values) for H9 subtype ranged from 12 to 18. The appropriate expected size of each gene was confirmed by gel electrophoresis. The electrophoresis of PCR products was done on ethidium bromide stained Agarose gel and the amplified products of expected correct size.
Phylogenetic analysis 3.2.1. Polymerase basic two
Phylogenetic analyses showed that all the PB2 genes of LPAI-H9N2 viruses isolated from Egypt are part of the lineage represented by A/QUAIL/Hong Kong/G1/1997(G1), which is the most dominant lineage worldwide, clustered with isolates from Israel, Iran in group A (Fig. 1) . Egyptian viruses clustered in several minor sub-groups all viruses under study cluster together except for Q/14864V which different and take a different branch. The nucleotide and deduced amino acid sequence similarities among Egyptian strains ranged from 95 to 99% and 96 to 100%; respectively, and showing higher similarity (97-99%) to A/turkey/Israel/311/2009 rather than to LPAI-LPAI-H9N2 progenitor viruses such as G1 (93-94%) (Table 1) , K627 and N701 substitutions in PB2 protein were not found in any of the LPAI-H9N2 viruses sequences, Instead all isolates possessed Egyptian viruses that displayed aspartate at position 701D as shown in valine at position 627V (Fig. 4) , 391E, K318R, A661T, I504V and K526R were recognized in all viruses under study ( Table 3 ). The mutations 355I and 453T became dominant in Egyptian LPAI-LPAI-H9N2 viruses. In addition, 41 distinct mutations were identified in comparison to ancestor strain Q/HK/ G1/97 that characteristic to the Egyptian viruses and some of the recent Israeli strains from other LPAI-H9N2 strains (Supplementary Table 3 ).
Polymerase basic one
Phylogenetic analysis showed that The PB1 genes of Egyptian isolates clustered with isolates from Israel and Saudi Arabia in group A sharing the same progenitor virus G1 closely related to Israel viruses (2005-07) (Fig. 2) . Like PB2; the nucleotide and amino acid similarity among Egyptian viruses to each other, Israel viruses, Middle East viruses and G1virus shown (Table 1 ), All Egyptian viruses under study had Isoleucine at position 317, L13P, V14A, and A473V (Fig. 4) . The PB1-F2 encoded a full-length protein of 90 AA and showing the substitutions N66S and L82S in all Egyptian LPAI-LPAI-H9N2 viruses, while the substitution T68I was not present, further mutations were described to foster replication in mammals and influence virulence was mentioned in (Table 2) . Egyptian viruses differed from the G1 strain in the PB1protein by twenty-one mutations (Supplementary Table 3 ). Six substitutions recorded in some viruses under study (K176R, I181V, R350K, R386K, E398D and S515P) which first recorded in Egyptian LPAI-H9N2 viruses.
Polymeric acid
Phylogenetic analysis showed that the PA gene of Egyptian isolates belonged to the G1-lineage and clustered with isolates from Israel in group A (Fig. 3 ) the nucleotide and amino acid similarity of PA gene among Egyptian viruses to each other, Israel viruses, Middle East viruses and G1virus shown ( Table 1 ). Analysis of the PA gene showed that all Egyptian isolates possessed previously recognized ribosomal frameshifting responsible for viral protein PA-X 252 amino acid. Amino acid substitutions V127, L672, L550 and S409N residues were observed in all Egyptian LPAI-LPAI-H9N2 viruses (Fig. 4) . Additional substitutions that have been described to affect virulence in avian and/or mammalian hosts were found in PA encoding sequences are shown in (Tables 2 and  3) ; all Egyptian viruses under study show G186S. Egyptian LPAI-H9N2 viruses PA protein differed from the G1-like strain by 37 mutations (Supplementary Table 3 ).
Effect of mutation on protein stability
The Free-energy analysis revealed that out of the eighteen selected substitutions which known to affect the ability of virus replication and/or the pathogenicity, six mutations (PB1-F2 L82, PB2-K318R, and A661 and PA-S225, I400S, S409N) have a structural stabilizing effect on polymerase complex protein. The freeenergy change upon mutation (DDG) showed Positive values (0.11, 0.58, 0.23, 0.14, 0.08, 0.39) while the other selected substitutions showed negative values (Table 4) , Three out of those adaptive mutations shown to increase polymerase complex protein stability similar to Human H3N2 and H1N1 (661 in PB2, 225 and 409 in PA genes). Despite that, the free-energy analysis of the substitutions (PB2-318, T661, and PA-S409N) suggested a destabilizing effect; the Predicting stability with i-Mutant2.0 SEQ Ò suggesting stabilizing effect. The 3D structure of a protein is simulating the protein obtained from the SWISS-PDB viewer (Fig. 4) .
Discussion
Since 2011 The H9N2 viruses have a widespread in Egypt [18] . in recent times there were many human cases with H9N2 viruses were reported in Egypt [19] . In this study we attempted to correlate the mutations affect the avian H9N2 virus virulence and mammalian adaptation with their effect on protein stability, we isolated eight LPAI-LPAI-H9N2 viruses from apparent healthy chicken and quail flocks from five Egyptian governorates. Blast analysis of the nucleotide sequences from the polymerases subunits showed that the isolated LPAI-H9N2 viruses were closely related G1/ LPAI-LPAI-H9N2 strains. The virus shared the common ancestor A/QUAIL/ HONG KONG/G1/1997isolate which has contributed the internal genes of the H5N1 virus circulating in Asia [25] . The phylogenetic trees of the polymerases subunits (PB2, PB1 and PA) revealed that the corresponding alleles of each viral segments of LPAI-H9N2 viruses were of Eurasian in origin (G1-like), suggesting that all the three polymerases subunits were closely related to Israeli isolates (2005-2010) especially A/turkey/Israel/311/2009 virus, with an average percent pairwise nucleotide and amino acid distances less than (<4%). Accordingly, they possess the same grouping of Israeli isolates based on the genome constellations of the LPAI-LPAI-H9N2 viruses described by [20] . They were related to group A the same like other LPAI-H9N2 strains circulated in the Middle East countries. That confirms the previous study on Egyptian LPAI-LPAI-H9N2 viruses that there is no obvious change or any evidence of reassortment recorded in chicken or quail viruses [32] . Understanding the genetic characteristics and mutation trend of the Egyptian LPAI-H9N2 virus polymerases subunits is important to recognize the behavior of H9N2. Identification of virulence markers of (PB2, PB1, and PA) genes of Egyptian LPAI-LPAI-H9N2 viruses under study revealed Seven Virulence markers, The substitutions (PB2-D391E and I504V), (PB1-M/V317I and N66S of PB1-F2), and (PA -127V, 550 L, and 672 L) which tend to increase virus virulence [13, 15, 30, 34, 43, 52] . As previously reported by in Egyptian LPAI-H9N2 Virus [33] . Substitution M/V317I, similar to the precursor strain Q/Hk/G1/97 and to the human virus A/Hong Kong/1073/99, furthermore it showed to be characteristic for LPAI-H9N2 and H5N1 of human origin [8] . The Egyptian LPAI-H9N2 viruses of this study .were encoded PB1-F2 and PA-X fulllength proteins (90aa and 252aa respectively), which have the potential importance in virulence determinant of influenza virus [14] . It is well known that the full-length PA-X in human cells conferred 10-to 100-fold increase in viral replication and 5-8% increase in apoptosis [22] .
Transmission of influenza viruses from aquatic birds to mammals is promoted by the viral proteins adaptation to the new host which includes the PB2 subunit of the viral polymerase complex. This protein has been described as an important host range factor [51] . In the present study, the majority of adaptive mutations found in the polymerases subunits identified within PB2. The naturally occurring substitutions (L89V, G309A, R477G and A676T) [36] were detected in Egyptian LPAI-H9N2 viruses. The substitutions (K318R, I504V, 647I, E627V, and A661 T) Also, were detected suggesting increased polymerase activity and virus replication concluding that the PB2 subunit of the LPAI-H9N2 viruses [71] . Two avian-like amino acids detected in few LPAI-H9N2 viruses under study at positions 318 and 661 lysine (K) and alanine (A) respectively located at the functional domain that is responsible for the polymerase subunits interaction [47] , the substitution 647I detected in most of The Egyptian LPAI-H9N2 and other human and avian influenza virus strains. on the other hand, a single amino acid substitution is insufficient to retrieve the permissive tropism [70] . The PB2 protein displayed valine at position 627 (E627V) is typical of G1 viruses lineage, group A [20] . This mutation (E627V) suggested increasing H5N1 virus replication in mammalian cells and virulence in mice compared with PB2-627E [62] . the three mutations (L13P, V14A, 317I, and 473V) in PB1 protein affect the virus replication in mammalian hosts [21, 38] . The substitutions L13P, 317I, and 473V suggested to enhancing polymerase activity of LPAI-H9N2 in mammalian hosts and in mice [43, 67] . it is recorded that the PB1-V14A substitution reduced polymerase activity, viral shedding, and transmissibility of H5N1 but does not always correlate with pathogenicity in chickens [61] . The mammalian-host-associated substitution PB1-F2 L82S was also identified in all of the viruses under study; whereas T68I was not detected in any of Egyptian viruses under study. The deduced PA amino acid sequence shows mammalian-host associated substitution at residues K328R it was recorded that K328R PA enhances the ability of a human H7N9 virus to replicate and cause severe disease in mice [72] . The substitution S409N determined in our study is known to be important for changing host range from avian to human [12] .
The mutation G186S was found recently in PA of Egyptian viruses for the first time by [33] , and also found in all viruses under this study. It is located in the N-terminal region of PA and it is found to be necessary to enhance avian virus polymerase activity in mammalian host cells and produced higher levels of viral protein which involved in mammalian adaptation and pathogenicity [7] . The substitution N383D in PA found in all viruses under study and may play an important role in the activity of the polymerase and in the accumulation of the PA and PB1 subunits in the nucleus of infected cells [59] . The substitutions K355M and P453T in PB2 became dominant in Egyptian viruses; also the substitutions 355I-PB2 and S516P-PB1 which was not previously described.
The substitution S516P cited in The catalytic domain for endonuclease (508 to 522) [46] . Additional substitutions that have been described to affect virulence in avian and/or mammalian hosts were found in polymers genes encoding sequences [12, 52] . Stable folding is essential for a protein to perform its function, the stability results from cooperative interactions of the protein amino acids constituents [31] , Not every substitution at a given site is predicted to be stabilizing [57] . the balance between stabilizing and destabilizing mutations will affect the protein function [24, 64] . There was study suggested that the pandemic influenza A virus of 1918 is closely related to the avian influenza virus than are other human viruses [50] . But, it is difficult to predict the number of the mutations which would make an avian influenza virus able to infect the humans efficiently.
The Free-energy analysis showed that (PB1-F2-L82, PB2-D391E, and A661 and PA-S225, I400S, S409N) have a structural stabilizing effect on polymerase complex protein, the free-energy change upon mutation (DDG) showing Positive values indicate a stabilizing effect, while the others selected substitutions showing negative values to indicate a destabilizing effect on polymerase subunits [40] , according to the result the residue A is consistently more stabilizing than T at site PB2-661, and S is consistently more stabilizing than G at site 225-PA; This ''stability-function" predicts that it usually possible to replace residues known to be important for function, reducing protein activity but concomitantly increasing its stability [57] . The positions (PB1-F2-82, PB2-318 and PA 409) have stabilizing effect on protein whatever the residue found in those locations. The S225, PB1-F2-82, PB2-318, and A661 those are affecting the virus replication in mammalian hosts besides the stabilizing effect on protein [34] . Pollock et al. Have used computer simulations to suggest that there are widespread evolutionary shifts in mutational effects, where for instance a mutation is destabilizing in one homolog but stabilizing in another homolog due to interac- tions with other covarying sites [49] . We agree with [3] whose find that mutational effects on stability are highly conserved, with relatively little interdependence. The above-mentioned mutations are found to be conserved among Egyptian LPAI-H9N2 viruses, so they can increase proteins stability through a generation of favorable intra-and inter monomer interactions, and it may reflect the continuous adaptation of the influenza virus. While other selected substitutions show destability of polymerase complex protein however that needs further studies to investigate that. We suggest that interactions that are lost with the mutation are compensated by interactions with other amino acids, leading to a more stable protein.
Evidently, the presence of mutations in several sites can lead to a rapid decrease in efficacy of protein stability if changes which affect the protein function [10] . Our results suggest that many mutations arising since 2011 have likely stabilized the structure of polymerase complex by introducing favorable interactions within and between monomers. Single point mutations seem to have little impact on protein stability [69] , but recruitment of several mutations could have a great impact on the overall stability of the protein.
Conclusion
Genetic characterization of LPAI-H9N2/G1 viruses circulating in Egypt has remarkably important to grasp the key features for the emergence of LPAI-H9N2 among poultry and as a potential pandemic virus. Phylogenetically no significant changes versus the previous 2014-16 were observed. LPAI-H9N2 viruses are shown to be under the acquisition of mutations accumulation numbers of new substituting mutations which detected in polymerase subunits that correlated to virus virulence and mammalian adaptation. Some of these mutations described here can be considered to improve the protein stability. [39] . b Predicting stability changes upon mutation from the protein sequence or structure with i-Mutant2.0 SEQ [40] . * Refer to the residue related to virus virulence.
